To analyse retrospectively population-based results of congenital tracheal stenosis (CTS) repair in infants in Finland.
INTRODUCTION
Congenital tracheal stenosis (CTS) is a severe and rare condition. Herrera et al. [1] estimated the incidence of CTS in the Canadian population to be 1/64 500. CTS is often diagnosed as a cause of prolonged or severe respiratory insufficiency. CTS can be either primary or secondary and caused by a vascular ring or other compressing factors. In most cases, complete tracheal rings are present and tracheobronchial malacia (TBM) is commonly associated. The severity of the symptoms correlates with the length of the affected trachea, diameter and possible involvement of the bronchi [1] [2] [3] . There is evidence that a subset of CTS infants are able to outgrow the stenosis over time [1, [3] [4] [5] . In symptomatic patients, however, operative intervention is often inevitable.
Several techniques of treating tracheal stenosis have been described. These include resection with end-to-end anastomosis [6] , slide tracheoplasty (ST) [4, [6] [7] [8] [9] [10] and several autograft tracheoplasty techniques that use various graft tissues, the most commonly used being pericardial patches [3, 4, 6, 11, 12] . Recently, endoscopic stenting was used as a primary treatment [13] . There are only limited long-term follow-up data for these various techniques, and a universally ideal technique has not been found yet. We performed a resection of the stenotic segment with individually tailored anastomosis in 12 of 13 CTS patients. The one exception was an infant who underwent ST. The data are population-based with a complete long-term follow-up. of 5 million. The data were analysed retrospectively and are presented as medians (ranges). Approvals for the study were obtained from the local ethics and clinical research committees.
Operative technique
Resection of the stenotic segment of the trachea with end-to-end anastomosis was used in 7 patients, whereas resection with individually modified V-Y plasty was performed in 5 patients. ST without resection was used in 1 patient (Fig. 1) . Resection was done under cardiopulmonary bypass (CPB) except in the case of 1 patient (Patient 6) who had an intubation tube placed into the right main bronchus to maintain one-lung ventilation during surgery. A standard median sternotomy was made and the thymus was partially resected. Mediastinal structures were mobilized. First, the pericardium was opened and after heparinization, the ascending aorta and the right atrium or both venae cavae in the cases of cardiac defects were cannulated. Subsequently, CPB was initiated and all associated cardiovascular anomalies present were operated.
Fibreoptic bronchoscopy was performed perioperatively to determine the site, the length of the affected trachea as a percentage of the total tracheal length and the severity of the tracheal stenosis. Experienced paediatric and paediatric cardiothoracic surgeons took the measurements. In addition, the normal dimensions of growing trachea were utilized in the estimation when necessary [14] . The trachea was meticulously exposed taking special care to avoid injuring neurovascular structures. Extensive mobilization of the trachea, carina, proximal main bronchi, hili of the lungs and glossal structures was performed when necessary. Division of the thyroid isthmus was also done in some cases. A needle was passed to mark the midpoint of the stenotic segment. Next, the stenotic segment was resected. V-Y incisions were made after resection to the tracheal and/or bronchial anastomotic ends to widen and improve the anastomosis in 5 patients. In the case of anomalous right upper lobe bronchus origin (Table 1) , the resection and anastomosis were oblique as in a small sliding plasty (Fig. 1) . One patient was operated on with ST without resection as decided by the operating surgeon [7] . The trachea was transected at the midpoint of the stenosis. Then, the cranial stump was incised posteriorly, whereas the caudal stump was incised anteriorly down the level of the carina. The tracheal ends were slid together and anastomosed ( Fig. 1 ). Anastomoses were performed using interrupted everting stiches of 5-0 or 6-0 polydioxanone (PDS II®; Ethicon, Inc., Edinburgh, UK) in all cases. Anastomoses were pressure tested by mechanical ventilation (MV) under saline. An endotracheal tube was placed cranially into the anastomotic site for the duration of the postoperational MV. Patients were sequentially weaned from CPB. Sternotomy was closed primarily in all but one patient. The neck was fixed in flexion to ensure tension-free tracheal healing. The chin was sutured to the sternal skin and an external neck support was used to secure the position for at least 5 days. The patients were treated postoperatively in the paediatric intensive care unit (PICU). Regular follow-up was also arranged in the Helsinki Children's Hospital including regular fibreoptic bronchoscopies, which were performed under general anaesthesia.
RESULTS
During the study period, 13 infants were operated on for CTS.
Resection with end-to-end anastomosis was used in 7 of the patients, resection with modified V-Y plasty in another 5 and ST without resection in 1 patient. There were 6 girls and 7 boys. The median age at the time of operation was 2.9 (range 0.2-19) months. The median weight was 5.3 (range 1.7-12.0) kg. Five (38%) patients had an isolated CTS and 8 (62%) had associated cardiovascular defects. These cardiovascular defects were as follows: pulmonary artery sling (n = 5), truncus arteriosus (n = 2), patent ductus arteriosus (n = 2) and stenosis of the right pulmonary artery (n = 1). Other syndromes and anomalies diagnosed are described in Table 1 . Seven patients had a right upper lobe bronchus that originated from the distal trachea rather than from the right main bronchus (Table 1) .
Before surgery, the patients presented with the following symptoms and signs: 6 (46%) patients with occasional heavy breathing and/or wheezing; 2 (15%) had continuous heavy breathing, wheezing or poor ventilation and 5 (38%) were on MV. Twelve patients were primarily diagnosed by bronchoscopy and 1 patient by computed tomography with a contrast medium. An echocardiogram was used in all patients to determine the cardiovascular anatomy ( Table 1) .
The median length of the stenotic segment of the trachea was 35% of the total tracheal length (range 25-60%). In 6 (46%) patients, the stenosis reached the carinal level. The median luminal diameter of the narrowest site was 1 (range 1-3) mm. The following procedures were performed to correct cardiovascular anomalies: reinsertion of the left pulmonary artery (n = 5), total correction for truncus arteriosus (n = 2), ligation of patent ductus arteriosus (n = 2) and reconstruction of the right pulmonary artery (n = 1). The median duration of CPB was 72 (range 35-150) min. One patient was operated on without CBP (Patient 6, Table 2 ).
The median duration of postoperative jaw fixation was 7 (range 5-18) days. The median length of MV was 10 (range 5-19) days except for 1 patient (Patient 7 in Table 1 ). This patient had severe respiratory insufficiency due to hypoplastic lung tissue and fibrosis, and she was dependent on MV immediately after birth. She developed multiorgan failure postoperatively and her treatment was withdrawn on the 20th postoperative day. However, the quality of her tracheal resection was evaluated as good in bronchoscopies and at the autopsy. Postoperative complications for the other patients included sepsis (n = 1), tracheitis (n = 2), atelectasis (n = 3), pneumothorax (n = 1), chyloperitoneum (n = 1) and wound infection (n = 1). There were no cases of recurrent nerve palsy. The median length of the PICU stay was 15 (range 7-40) days. Thirty-day-mortality rate was 8.0%.
Of the 12 patients who survived the primary operation, 9 presented with a good primary outcome. Three patients suffered from early postoperative obstruction. Patient 4 required re-resection due to persistent tracheomalacia. He also required aortopexy after primary CTS operation (Table 2 ). Patient 11 required four balloon dilatations in bronchoscopies 12, 14, 15 and 40 days postoperatively, but the final result was good. Patient 12 required a total of nine balloon bronchodilatations during bronchoscopies, the first of which was given 28 days postoperatively and the last at 15 months and 10 days postoperatively, but this patient also had a good final result.
Median follow-up time was 81 (range 15-237) months. There was no late mortality. In long-term follow-up, all 12 patients who survived the primary operation eventually presented a good outcome. However, Patient 2 had late restenosis 3 years after the primary operation, which required five repetitive balloon dilatations. At the last bronchoscopy, the stenosis was very mild and the patient had been asymptomatic for 6 months. Five (38%) patients presented with TBM in early postoperative bronchoscopies. Two of these patients (1 and 9) subsequently presented with irregular mild dyspnoea associated with physical activities or the common cold (Tables 1 and 3) .
DISCUSSION
Twelve patients with CTS of up to 55% of tracheal length were operated on by resection and individually tailored anastomosis. Seven patients had a resection with either straight or oblique end-to-end anastomosis. A further 5 patients had a resection and modified V-Y plasty, and 1 patient with 60% stenosis of tracheal length received ST without resection. One neonate (Patient 7) died due to severely hypoplastic lungs and multiorgan failure (mortality 8.0%). Five infants had TBM after surgery, but it diminished during the follow-up period, a phenomenon that has also been described in the literature [8] . The long-term results of all the 12 survivors were good.
Technically, resection with end-to-end or modified V-Y plasty under CPB is relatively simple to perform and concomitant cardiac anomalies can be repaired simultaneously. We described the length of the stenotic segment as a proportion of tracheal length measured in bronchoscopy pre-and perioperatively, which is practical for clinical decision-making. After resection, the trachea consists of healthy tracheal tissue and normal tracheal rings, and hence, the tracheal growth potential is good. The risk of damage to the tracheal neurovascular structures or having recurrent nerve palsy after a meticulous dissection is low, and granulation tissue formation is also minimal. CPB provides stability and safety to the operation [1, 9, 15, 16] . Excessive tension on the suture line is a major challenge and should be avoided by means of extensive mobilization of the hilar and glossal structures, which can be done in young infants who have flexible tissues. Furthermore, postoperative external neck support and chin suturing are necessary to immobilize the position. Excessive tension adds the risk of air leakage and granulation tissue formation. It also compromises blood supply to the suture line.
The median postoperative time under MV was quite long, 10 days, which is a disadvantage of the method. Two patients (11 and 12) required multiple dilatation procedures postoperatively due to scar and granulation tissue formation at the anastomosis site. Scarring and granulation can be caused by excessive suture line tension, which may lead to ischaemic injury of the trachea. However, the final outcome was good in both patients.
Our patients had a median age of 2.9 months at the time of operation, which is rather young compared with patients reported in previous studies [3-5, 9, 11, 12] . Resection with end-to-end anastomosis is recommended by some studies only for those patients with a short-segment stenosis [1, 6] . According to Wright et al. [17] , anastomotic complications increase when the resection length surpasses 30% of the length of the trachea. In our data, longer resections were also successful. This success was perhaps due to the young age of the patients and the flexibility of trachea. According to the literature, patient ages of <1 month in combination with cardiac anomalies associates with the highest mortality [1, 16] . We had 5 such patients, 1 of whom (Patient 7) died. ST is a suitable treatment for CTS regardless of stenosis length and it is often recommended for stenosis of at least 30% of the tracheal length [8, 9] . Beierlein and Elliott [9] also showed that appropriately modified ST can be applied successfully to all types of long-segment congenital tracheal stenoses, including unilateral main bronchus stenosis and tracheal bronchus anomalies. ST was our choice in only one case of long-segment stenosis. ST has various advantages. The trachea is shortened only by a length equivalent to half that of the stenotic segment. The luminal circumference of the trachea is doubled and a cross section enlarged sufficiently [6, 10] . The reconstruction is done with native tracheal tissue lined with the normal respiratory epithelium. Patients usually need short intubation and MV [7] . However, Li et al. [8] intubated patients electively for 5-7 days as we did to our only patient who underwent ST. Although a possible disadvantage of ST is that the reconstructed trachea has circumferential cartilage tissue, satisfactory growth has been documented experimentally in piglets [10] . Our patient also showed a good outcome in subsequent bronchoscopies. Chiu and Kim [16] compared ST with cartilage patch tracheoplasty, but found no difference in mortality rates.
In addition to tracheal resection with end-to-end anastomosis and ST, various other techniques for treating CTS have been described in the literature. These include tracheal autograft, pericardial tracheoplasty, cartilage tracheoplasty, aortic homograft patch tracheoplasty, tracheal allograft implantation and balloon dilatation with stenting. Stenting is often used as a secondary treatment [2] and in the long-term follow-up excessive granulation tissue formation has been a major complication [13] . In pericardial patch tracheoplasty, autologous pericardium and possibly additional cartilage strips are used. Because of this, infection risk is lower and growth potential better compared with when synthetic materials are used [11] . The method is applicable regardless of the length of the stenosis [12] . Damage to the vascular structure is minimal because the only incision is anterior to the trachea. Some of the patients develop restenosis resulting from granulation tissue formation, scarring or contraction of the grafted tissue. Fanous et al. [12] reported that 38% of their patients had granulation tissue formation. However, in their series and also in another large series that used pericardial patches with cartilage strips, the mid-and long-term outcomes were comparable with those of any other method [11, 12] . The postoperative time of 6-14 days of intubation with positive airway pressure is reported to be important to give stability to the reconstruction [12] . Tracheal homograft replacement was used after failed previous operations in some cases [2] .
In Finland, the treatment and follow-up of CTS patients are centralized in Helsinki Children's Hospital, and this measure is important due to the rarity of the condition. All 12 survivors presented good outcomes. Our results indicate that tracheal resection with individually tailored end-to-end or modified V-Y plasty is successful against CTS of up to 55% of tracheal length.
